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Prostate cancer is the most frequently diagnosed malignancy and the second leading cause of cancerrelated deaths in American males with similar trends in many western countries. 1 Approximately one in six men, or 230,000 new cases of prostate cancer are diagnosed every year in the United States, with an estimated 27,000 deaths every year. 2 Since the 1960s, radiation therapy has been the main treatment modality to treat patients with localized advanced prostate cancer. 3 Although increasing radiation dose can improve cell kill, early and long-term side effects often restrict its practical usage in patients. Despite recent advances in three-dimensional, intensity modulated external beam radiation therapies, as well as brachytherapy, toxicities to the rectum and bladder remain a major concern. [4] [5] For these reasons, it is necessary to develop novel approaches for enhancing radiation sensitivity in prostate cancer.
Nanotechnology is an emerging technique for improved cellular targeting and radiosensitivity. Nanoparticles are solid colloidal particles ranging in size from 10 nm to 200 nm that are 100 to 10000 times smaller than human cells. 6 Nanoparticles smaller than 50 nm can easily pass through cell membrane, and the particles smaller than 20 nm can pass through blood vessel endothelium. 7 Using different surface modification, nanoparticles can be used as targeted delivery vehicles to carry chemotherapeutic agents or radiosensitizers to malignant cells. 8 Nanoparticles are widely used to treat cancer. For instance, Abraxane (Abraxis Bioscience) uses nanoscaled particles of albumin to bind paclitaxel. This drug was approved by the Food and Drug Administration in 2005 to treat breast cancers. The National Cancer Institute Alliance for Nanotechnology in Cancer was established in the United States to specifically advanced nanotechnology research for cancers.
When an X-ray source interacts with metallic nanoparticles, free radicals are subsequently generated that can directly damage DNA and indirectly induce cell apoptosis. Animal models have demonstrated that nanoshells improved cell killing using near infrared light with little or no side effects to normal tissues. [9] [10] Gold nanoparticles (GNPs) have been studied previously to enhance radio-sensitivity in animal models. [11] [12] Nanoparticles can circulate within the body, target at specific organs, penetrate their cell membranes, and enter the mitochondria, and trigger apoptotic responses. 13 X-ray sensitive hybrid nanoparticles can bind to targeted cell and then act on transmembrane ligands at the cell surface and cytoplasm. Localized hyperthermia can be induced using external quantum lights. 14 Enhanced cytotoxicity is produced secondary to the photoelectric effect of external beam radiation. 15 Positron emission tomography (PET) imaging has confirmed that most malignant tumors uptake glucose more than normal cells . 16 This unique metabolic characteristic of malignant cells can be used to design nanoparticles for targeted delivery. Nanoparticles with surface bound glucose allow for selective uptake into metabolically active cells. 17 In our previous work, 17, 18 we have developed a series of functional GNPs and modified their surface properties with various active biological reagents for various applications. We have also evaluated how the changes in functional bio-molecule on the GNP surface can affect GNP biological activities in cancer cells. 17 Glucose-capped GNPs (Glu-GNPs), which are designed based on cancer cell metabolism, can be selectively uptaken by cancer cells and localized in the cytoplasm. [19] [20] [21] In this paper, we demonstrate how glucose can enhance cell uptake of GNPs and how GNPs can enhance radiation cytotoxicity in prostate cancer cells.
Materials and Methods

Chemicals
All chemicals were obtained from Sigma-Aldrich (Milwaukee, WI). MTT CellTiter 96 non-radioactive cell proliferation assay kit was purchased from Promega (Madison, WI).
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Synthesis of Gold Nanoparticles
The general synthesis method for making gold nanoparticles follows three substeps. i) 3.2 ml of 25mM HAuCl4 solution was added into 60 ml of deionized water in an ice bath with moderate stirring. ii) 4 ml of 26 mM NaBH4 was then added as a reductant to obtain naked gold nanoparticles. iii) The naked GNPs solution was added into two tubes each containing 22.4 ml of naked GNPs solution. 4 ml of 20 mM 1-thio--glucose or 4 ml of 38.8 mM sodium citrate solution was added separately into two gold solutions.
Thio-glucose covalently and sodium citrate electrostaticly bind to the GNPs to form functionalized thioglucose-capped gold nanoparticles (Glu-GNPs) and neutral gold nanoparticles (TGS-GNPs) respectively. ( Figure 1A and 1B) .
Both the TGS-GNPs and the Glu-GNPs were dialysed for two days to remove any free sodium citrate or thio-glucose from the gold particle solutions before these solutions were provided to the experiments. Both the TGS-GNPs and the Glu-GNPs were characterized using transmission electronic microscopy (TEM), ICP-MS and Kratos Axis 165 X-ray Photoelectron Spectroscopy (XPS) (Kratos Analytical) as described previously. 17 
Cell Culture
Human prostate carcinoma cell line DU-145 was used in all the experiments. DU-145 cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 20 mM D-glucose, 100 UI/ml penicillin G, and 100 μg/ml streptomycin in a humidified incubator with 5% CO2 in the air at 37 o C. DMEM without glucose was used for the cells that were exposed to either Glu-GNPs or Glu-GNPs plus Cytochalasin B (glucose transport inhibitor).
Uptake Assay
The assay was performed in triplicate. A 10ml DU145 cell suspension containing 2 10 6 cells was seeded onto a 100mm-cell culture dish and was cultured overnight. When the cells reached a 70% confluence, the target cells were exposed to the vehicle, 15nM TGS-GNPs, or 15nM Glu-GNPs, respectively at 37°C. After two hours of incubation, the free GNPs in the cell cultures were removed by washing the cells twice with the PBS buffer. The cells were detached with Trypsin-EDTA. After centrifugation and the removal of the supernatant, the cells were resuspended in the PBS with a final volume of 5 ml. The number of cells in suspension was counted with a hemocytometer. 5 ml of 50% HNO3 was added to each sample to lyse the cells. The gold mass in the lysis solution was measured using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The number of gold nanoparticles was calculated via the gold mass, and the number of GNPs in the lysis solution was divided by the number of cells to yield the number of GNPs taken up by cells. 16 
Transmission electron microscopy
The cells treated with or without GNPs were collected by centrifugation. The cell pellets were fixed in 4% (v/v) formaldehyde in 0.1 M phosphate buffer (pH 7.2) for four hours at 4ºC. After being washed in the same buffer, the cells were resuspended in 1% OsO4 for one hour at room temperature. They were then washed twice by centrifugation and resuspended in distilled water. The final pellet was resuspended in a small volume of warm 2% (w/v) agarose, poured onto a glass slide, and allowed to cool. When set, the small pieces of gel containing the cells were cut out and dehydrated through a graded series of ethanol solutions. The pieces were then embedded in epoxy resin, and thin sections were cut with an ultramicrotome, stained with uranyl acetate followed by lead citrate and examined in Philips EM301 electron microscope operating at 80 kV.
Irradiation of Cells
All cell irradiation treatments were carried out using a Pautak Therapax 3 Orthovoltage 244 Monitor Units /minute X-ray machine at 200 kVp using a 0.35 CU + 1.5 AL filter. DU145 cells in 100-mm culture dishes were irradiated at room temperature when cultures reached 75% confluence. Cells received either a mock treatment for control or 2 Gy. After irradiation, cultures were returned to 5% CO2/37°C incubation until they were harvested at the time points required.
MTT Assay
MTT assay is a quantitative colorimetric method to determine cytotoxicity. It utilizes the yellow tetrazolium salt [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide] which is metabolized by mitochondrial succinic dehydrogenase activity of proliferating cells to yield a purple formazan reaction product. In the present study, toxicity in mitochondria induced by GNPs with or without radiation was measured by an MTT assay in 96-well plates. The experiments were performed by eight replicates and cells were seeded in 96-well plates (3 10 3 /well) with 200 μl of culture medium per well. The cells were allowed to grow on the 96-well plates overnight. Cells were then exposed to either TGS-GNPs or Glu-GNPs respectively and different doses of irradiation according to the experimental design. The cell responses were monitored by the MTT assay by following the manufacturer's instructions. After removal of the medium, 100 μl of MTT (0.4 mg/ml) dissolved in medium were added to each well. Following three hours of incubation, the medium was replaced with 100 μl of 0.1 N HCl/isopropanol, and absorbance in each well was assessed at 550 nm using a microplate reader. Absorbance was expressed as a percentage of control. The cell growth inhibitory rate was calculated by the following formula: Inhibitory rate = (1-average OD550nm of treated group/average OD550nm of control group) 100%.
Statistical Analysis
In the statistical analysis, differences between the treated and control groups were compared using Student's t-tests, with the differences at the P<0.05 level considered to be statistically significant.
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Distribution of Glu-GNPs in DU-145 Cells
The distribution of GNPs in DU-145 cells was determined by TEM. Fig. 3 is the micrograph of the cells treated with 15nM Glu-GNPs. The figure shows that most of Glu-GNPs were distributed in the cytoplasm.
Effect of Gold-particles on DU-145 cell growth
Compared to the control, the results in Fig.4 show that DU-145 cell growth was decreased by 13.52% with TGS-GNPs and17.82% with Glu-GNP treatments (P<0.01) after 24 hours. However, there was no difference on cell growth between the TGS-GNPs and Glu-GNPs exposures in vitro.
Effect of 2 Gy 200 kVp X-ray on DU-145 cell viability
The cytotoxic effects of X-ray on DU-145 cells were analyzed after 24, 48 and 72 hours of irradiation. Untreated control samples were arbitrarily assigned a value of 100% and the results of all treatments were normalized to 100% (i.e., % of control). The data in Fig. 4 shows that 2 Gy X-ray induced an inhibition of . DU-145 cell growth was decreased by 13.52%, 17.82% and 14.72% after the treatment with TGS-GNPs, GNP-Glu, or 2 Gy X-ray at 24h, respectively. Cell growth was not different after exposure to TGS-GNPs, GNP-Glu or 2 Gy X-ray treatment in vitro (P>0.1).
cell growth by 15.78%, 19.03% and 9.22% at 24, 48 and 72 hours respectively.
Gold-particles enhance radiation cytotoxicity on DU-145 cell
To determine whether GNPs had enhanced radio sensitivity of DU 145 cells to 2 Gy X-ray, cells were treated with either a single dose of 2Gy X-ray or 2Gy X-ray and GNPs, whereas control group did not receive any treatment. Untreated control samples were arbitrarily assigned a value of 100% and the results of all treatments were normalized to 100% (i.e., % of control). Fig. 5A shows that either TGS-GNPs or Xray induced an inhibition of cell growth by 13.52% or 15.88% at 24 h, individually. However, a combination of TGS-GNPs and X-ray induced an inhibition of cell growth of 30.57% (P<0.005) (Fig. 5A) . Similarly, the data in Fig. 5B shows that Glu-GNPs induced an inhibition of cell growth by 17.82% after 24 hours but the combination of Glu-GNPs plus X-ray induced an inhibition of cell growth by 45.97% (P<0.005).
Enhancement of radiosensitivity by either TGS-GNPs or Glu-GNPs
To evaluate whether glucose will help the delivery of gold-nanoparticles to cancer cells, the cellular uptakes ( Fig. 2 ) and radiosensitivity enhancement induced by Glu-GNPs were determined and compared to those induced by TGS-GNPs. Fig. 6 shows that the inhibition rate of 2Gy X-ray plus TGS-GNPs was (30.57±3.32)% at 24 hours and (32.18±2.12)% at 48 hours. The inhibition rate of 2Gy X-ray plus GluGNPs was (45.97±3.95)% at 24 hours and (44.63±1.87)% at 48 hours. Glu-GNPs increased radiosensitivity by 50.37% (P < 0.001) at 24 hours and 38.68% (P < 0.005) at 48 hours compared with TGSGNPs that have no glucose bound.
Discussion
Radiation therapy combined with metallic nanoparticles is a new treatment approach in cancer therapy. The growth inhibition was most obvious in the Glu-GNP group, and was significantly more compared to the control, x-ray alone and TGS-GNP groups. These results demonstrated that Glu-GNPs increased cellular uptake and enhanced cancer cell killing. As a heavy metal, gold increases the f-factor and enhances radiosensitivity. In our previous in vitro study, the radiotherapy significantly killed more breast cancer cells that were treated with GNP compared to those without GNP. 17 The use of GNPs to enhance radiotherapy has been demonstrated before in mice 6 . Mice with subcutaneous breast cancers were divided into three groups, one receiving GNP injection prior to 250 KVp x-ray radiotherapy. The second group received radiation only, and the last group received GNPs only. One year survival was 86% for the GNP and radiation group, versus 20% for radiation alone and 0% for gold alone. The authors of the study also postulated the increased radiosensitivity was due to high-Z radio-enhancement by gold particles. With the present experiments, we are the first group worldwide to demonstrate in vitro the increase of radiosensitivity in prostate cancer cells with the use of both GNPs and Glu-GNPs.
Fluorodeoxyglucose (FDG) has been widely used in clinical oncology as a tracer to bring isotopes to cancer locations for positron emission tomography (PET) 16 . This unique metabolic characteristic of malignant cells can be used for targeted delivery of nanoparticles. In this study, we observed that in prostate cancer DU-145 cells, Glu-GNP uptake was 7.35 times more than GNPs without glucose binding. This result indicated that the glucose can help deliver GNPs into glucose-metabolizing cells to achieve the targeted delivery and localized GNPs in DU-145 cells. Our next step is to bind FDG with metallic nanoparticles to enable combined radiologic, diagnostic and radio-therapeutic effects on cancer.
In conclusion, both TGS-GNPs and Glu-GNPs demonstrated improved radiosensitivity on DU-145 prostate cancer cells in vitro. Cell uptakes of GluGNPs were significantly increased and the cell-killing effects were enhanced compared to GNPs without glucose binding when 200 kVp X-ray was applied. These results suggest the promising clinical applications of the nanoparticles in future cancer treatment, targeting high radiation doses to metabolically active tumour cells, but sparing adjacent normal tissues.
